The nervous system confronts challenges during development and experience that can 28 destabilize information processing. To adapt to these perturbations, synapses homeostatically 29 adjust synaptic strength, a process referred to as homeostatic synaptic plasticity. At the 30 Drosophila neuromuscular junction, inhibition of postsynaptic glutamate receptors activates 31 retrograde signaling that precisely increases presynaptic neurotransmitter release to restore 32 baseline synaptic strength. However, the nature of the underlying postsynaptic induction 33 process remains enigmatic. Here, we designed a forward genetic screen to identify factors 34 necessary in the postsynaptic compartment to generate retrograde homeostatic signaling. This 35 approach identified insomniac (inc), a gene that encodes a putative adaptor for the Cullin-3 36 ubiquitin ligase complex and is essential for normal sleep regulation. Intriguingly, we find that 37
INTRODUCTION 44
To maintain stable synaptic activity in the face of stress during development, experience, and 45 disease, the nervous system is endowed with robust forms of adaptive plasticity that 46 homeostatically adjust synaptic strength (Davis and Muller, 2015; Pozo and Goda, 2010; 47 Turrigiano, 2012) . The homeostatic control of synaptic plasticity is conserved from invertebrates 48 to humans (Davis, 2013; Frank, 2014; Marder and Goaillard, 2006) , and dysfunction in this 49 process is linked to complex neural diseases including Parkinson's, schizophrenia, Fragile X 50 Syndrome, and autism spectrum disorder (Bourgeron, 2009 The Drosophila neuromuscular junction (NMJ) is an established model system to 60 interrogate the genes and mechanisms that mediate the homeostatic stabilization of synaptic 61 strength. At this glutamatergic synapse, genetic loss or pharmacological inhibition of 62 postsynaptic receptors initiates a retrograde signaling system that instructs a compensatory 63 increase in presynaptic neurotransmitter release to restore baseline levels of synaptic strength 64 (Frank et al., 2006; Petersen et al., 1997) , a process referred to as presynaptic homeostatic 65 potentiation (PHP). Forward genetic screens in this system have proven to be a powerful tool to 66 identify genes necessary for the expression of PHP (Dickman and Davis, 2009; Frank, 2014; 67 Muller et al., 2011) . Work over the past decade has revealed that a rapid increase in both 68 presynaptic Ca 2+ influx and the size of the readily releasable vesicle pool are necessary to 69 these genes to screen for potential defects in PHP expression ( Fig. 1a, d) . 122
We used two distinct ways to screen mutants and RNAi lines for their effects on PHP 123 expression. To screen the 134 mutants, we used an established screening approach that 124 utilizes a rapid pharmacological assay to assess PHP (Dickman and Davis, 2009; Muller et al., 125 2011) . In this assay, application of the postsynaptic glutamate receptor antagonist 126 philanthotoxin (PhTx) inhibits miniature neurotransmission, but synaptic strength (evoked 127 EPSPs) remains similar to baseline values because of a homeostatic increase in presynaptic 128 neurotransmitter release (quantal content). For each mutant, we quantified synaptic strength 129
following 10 min incubation in PhTx (Fig. 1b ). This led to the identification of twelve potential 130 PHP mutants with significantly reduced synaptic strength after PhTx application, indicative of 131 either reduced baseline transmission or a failure to express PHP. Next, baseline transmission 132 was assessed in these mutants by recording in the absence of PhTx; six mutants with reduced 133 baseline neurotransmission were identified and not studied further ( Supplementary Table 2 ). 134
The remaining six mutants represent genes necessary to express PHP (Fig. 1a, b) , including 135 the active zone component fife, which was recently shown to be necessary for PHP expression 136 (Bruckner et al., 2017) . 137
In parallel, we assessed PHP in the 284 RNAi lines using an established stock that 138 drives the RNAi transgene in both neurons and muscle. Importantly, postsynaptic glutamate 139 receptor expression is also reduced in this stock through RNAi-mediated knock-down of the 140 GluRIII receptor transcript (Brusich et al., 2015) . After crossing each RNAi line to this stock, we 141 quantified electrophysiological recordings and identified 13 genes that were putatively 142 necessary for PHP expression ( Fig. 1d ). To determine baseline synaptic strength in these RNAi 143 lines, we expressed each in neurons and muscle in the absence of GluRIII knock down. Of 144 these thirteen genes, eleven exhibited a significant decrease in EPSP amplitude after crossing 145 to the control stock, suggesting reduced baseline transmission ( Supplementary Table 2 ). In 146 contrast, two RNAi lines displayed normal baseline synaptic strength, indicating they were 147 specifically necessary for PHP expression ( Fig. 1d, e ). Importantly, these two genes targeted by 148
RNAi lines were also identified in the PhTx screen, validating this complementary screening 149 strategy. Together, these two screens identified six genes whose requirement for PHP has not 150 been previously described. 151
If a gene functioned in the presynaptic neuron, this would imply that it was involved in 152 the expression of increased neurotransmitter release characteristic of PHP, while a postsynaptic 153 function in the muscle would suggest an involvement in the induction of PHP signaling. We 154 therefore used several strategies to determine in which synaptic compartment each gene was 155 required for the induction or expression of PHP. For each of these six genes, we assessed 156 RNA-seq expression profiles (Chen and Dickman, 2017), known expression patterns, genetic 157 rescue and/or tissue-specific RNAi knockdown ( Fig. 1c, f ). Together, this analysis revealed five 158 genes that function in the presynaptic neuron, and only a single gene, insomniac (inc), that 159 functions in the postsynaptic cell ( Fig. 1c, f) . Given that the postsynaptic mechanisms that drive 160 the induction of PHP are poorly defined, we focused on characterizing the role of inc in PHP 161 signaling. 162 163 inc is required in the postsynaptic muscle to drive retrograde PHP signaling 164
To further investigate the role of inc in PHP, we first generated new null alleles using 165 CRISPR/Cas9 genome editing technology (Gratz et al., 2013a) . We obtained two independent 166 mutations in the inc locus causing premature stop codons ( Fig. 2a ), alleles we named inc kk3 and 167 inc kk4 . We confirmed that both alleles are protein nulls by immunoblot analysis with an anti-Inc 168 antibody ( Fig. 2b) . Furthermore, behavioral analysis demonstrated that both inc kk mutants 169 exhibit severely shortened sleep, similar to previously described inc null alleles (Supplementary 170 Next, we characterized synaptic physiology in inc mutants using two-electrode voltage 172 clamp recordings. We first confirmed that baseline synaptic transmission was largely 173 unperturbed by the loss of inc ( Fig. 2c and Supplementary Fig. 1 ). However, while PhTx 174 application reduced mEPSC amplitudes in both wild type and inc mutants, no homeostatic 175 increase in presynaptic release was observed in inc mutants, resulting in reduced EPSC 176 amplitude ( Fig. 2c, d ). Similar results were found for inc kk3 /inc Df and inc kk4 mutants ( Fig. 2d and 177 Supplementary Table 3 ). In addition, inc mutants failed to express PHP over chronic time scales 178 when combined with GluRIIA mutations ( Supplementary Fig. 2 ). Thus, inc is necessary for the 179 expression of PHP over both acute and chronic time scales. 180
If inc were required in the neuron for PHP expression, this would indicate a function in 181 augmenting presynaptic neurotransmitter release. In contrast, if inc were required in the muscle, 182 this would suggest a role in postsynaptic retrograde communication. We therefore determined in 183 which synaptic compartment inc is required for PHP expression. First, we used an inc-Gal4 184 transgene (Stavropoulos and Young, 2011) to express a GFP reporter and observed the GFP 185 signal in both presynaptic motor neurons and the postsynaptic musculature ( Fig. 2e ), as 186 previously described . To determine in which compartment inc expression was 187 required for PHP, we performed a tissue-specific rescue experiment using a UAS transgene 188 expressing Inc fused to a spaghetti monster Fluorescent Protein (smFP) 10xFlag tag ((UAS-189 smFP-inc; (Viswanathan et al., 2015) ). Consistent with the notion that smFP-Inc does not 190 antagonize endogenous Inc, overexpression of this transgene had no impact on baseline 191 synaptic transmission or PHP expression ( Supplementary Fig. 3 
). Expression of this transgene 192
with inc-Gal4 also rescued the sleep deficits in inc mutants ( Supplementary Fig. 1 ), suggesting 193 that smFP-inc recapitulates Inc function. Importantly, PHP expression was fully restored in inc 194 mutants when this transgene was expressed specifically in the postsynaptic muscle, but not 195 when expressed in the presynaptic neuron ( Fig. 2f, g) . These experiments indicate that inc 196 function in the postsynaptic muscle is sufficient to enable retrograde PHP signaling. 197
Inc functions downstream of CaMKII or in a parallel pathway to generate retrograde PHP 199 signaling 200
To characterize the postsynaptic functions of inc that enable PHP signaling, we sought to define 201 at what point inc is required in this process. First, we assessed whether inc mutants exhibit 202 alterations in the localization or abundance of postsynaptic glutamate receptors, key 203 components that initiate PHP signaling. However, we found no significant difference in 204 glutamate receptor puncta signal intensity or localization ( Fig. 3a, b) . 205
Next, we examined the compartmentalized reduction in CaMKII activity, thought to be a 206 were similar at the NMJs of inc mutants and wild type controls in baseline conditions, and were 216 also reduced to similar levels following PhTx application ( Fig. 3c, d) . 217
Finally, retrograde signaling from the postsynaptic compartment following PHP induction 218 leads to remodeling of the presynaptic active zone scaffold bruchpilot ((BRP; (Goel et al., 2017; 219 Weyhersmuller et al., 2011)). We therefore determined whether BRP is remodeled in inc 220 mutants following PhTx application. As expected, BRP puncta intensity rapidly increased at 221 presynaptic terminals following PhTx application at wild-type NMJs. However, no change in 222 BRP puncta levels was observed in inc mutants following PhTx application ( Fig. 3c, d) . 223
Together, these results demonstrate that inc functions downstream of or in parallel to CaMKII in 224 the postsynaptic compartment, where it is necessary for the retrograde homeostatic signaling 225 that adaptively modulates presynaptic structure and neurotransmitter release (schematized in 226 Fig. 3) ), suggesting that the key processes driving synapse-250 specific retrograde PHP signaling occur in this structure (Li et al., 2018b) . We therefore first 251 determined whether Inc is present at the postsynaptic density. We endogenously tagged inc 252 with an smFP tag (inc smFP ; see Methods) and verified that this tag does not disrupt basal 253 synaptic transmission or PHP expression ( Supplementary Fig. 1 and 3 ). Imaging of Inc smFP at 254 the larval NMJ revealed a low and diffuse cytosolic signal with some enrichment at postsynaptic 255 densities ( Fig. 4a ). Strikingly, we found that the intensity of Inc smFP was rapidly enhanced at 256 postsynaptic densities after perturbation of glutamate receptors using 10 min application of 257 PhTx (Fig. 4a, c) . 258
Next, we immunostained the NMJ with two anti-Ubiquitin antibodies at basal conditions 259 and following 10 min PhTx incubation in wild type and inc mutants. The 1994; Ma et al., 2016) . We found that the ubiquitin signal labeled by FK2 rapidly increased at 263 postsynaptic densities following PhTx application, while no change in the FK1 signal was 264 observed ( Fig. 4d, e ). This suggests that acute glutamate receptor perturbation increases mono-265 ubiquitination at postsynaptic densities. However, no change in the FK2 signal was observed at 266 postsynaptic densities in inc mutants following PhTx application ( Fig. 4d, e ), indicating that inc is 267 required for the rapid and compartmentalized increase in ubiquitinated substrates following 268 postsynaptic glutamate receptor perturbation. Thus, Inc rapidly traffics to postsynaptic densities 269 and may locally target substrates for ubiquintation within minutes of glutamate receptor 270 blockade during retrograde homeostatic signaling. screening hundreds of mutants, we found only a single gene, insomniac, to be required for PHP 294 induction. Inc is expressed in the nervous system and can traffic to the presynaptic terminals of 295 motor neurons . In the context of PHP signaling, however, we found inc to be 296 and Brose, 2011). This dynamic interplay of phosphorylation and ubiquitination in the 303 postsynaptic compartment may enable a sensitive and tunable mechanism for controlling the 304 timing and calibrating the amplitude of retrograde signaling at the NMJ. 305
The substrates targeted by Inc for ubiquitination during PHP induction are not known, 306 but there are some candidate pathways to assess. One possibility is that Inc could regulate mediate the translation-independent induction PHP, given the rapid and local enrichment of 326 ubiquitinated proteins triggered at postsynaptic densities following glutamate receptor 327 perturbation and the variety of potential targets sequestered in these compartments. 328
Although it is well established that the ubiquitin proteasome system can sculpt and 329 remodel synaptic architecture, the importance of mono-ubiquitination at synapses is less well 330 studied. Ubiquitin-dependent pathways play key roles in synaptic structure, function, and 331 degeneration, while also contributing to activity-dependent dendritic growth (DiAntonio et al., homologs. We used a combination of known genetic mutations and/or putative transposon 380 mutations (197) or RNA-interference transgenes (341) targeting these genes to obtain a stock 381 collection to screen. Finally, we assessed the lethal phase of homozygous mutants and RNAi 382 lines crossed to motor neuron and muscle Gal4 drivers, removing any mutants that failed to 383 survive to at least the third-instar larval stage. This led to a final list of 134 mutations to screen 384 by PhTx application and 284 RNAi lines to screen by GluRIII knock down (Supplementary Table  385 1). The RNAi screen was performed using T15 and C15 lines, as described (Brusich et al., 386 2015) . Center. See Supplementary Table 1 for sources of the screened genetic mutants and RNAi 397 lines. 398 399 Molecular biology: inc kk mutants were generated using a CRISPR/Cas9 genome editing Confocal imaging and analysis: Imaging was performed as described (Goel and Dickman, 479 2018) . Briefly, samples were imaged using a Nikon A1R Resonant Scanning Confocal 480 microscope equipped with NIS Elements software using a 100x APO 1.4NA or 60x 1.4NA oil 481 immersion objective. All genotypes were imaged in the same session with identical gain and 482 offset settings for each channel across genotypes. z-stacks were obtained using identical 483 settings for all genotypes, with z-axis spacing between 0.15 µm to 0.5 µm within an experiment 484 and optimized for detection without saturation of the signal. Maximum intensity projections were 485 used for quantitative image analysis with the NIS Elements software General Analysis toolkit. All 486 quantifications were performed for Type Ib boutons on muscle 6/7 and muscle 4 of segments A2 487 and A3. Type Ib boutons were selected at individual NMJs based on DLG intensity. 488
Measurements were taken from at least ten synapses acquired from at least six different 489 animals. For all images, fluorescence intensities were quantified by applying intensity thresholds 490 to eliminate background signal. For analysis of pCaMKII, BRP, and Inc smFP intensity levels, a 491 mask was created around the DLG channel, used to define the postsynaptic density, and only 492 signals within this mask were quantified. For FK1 and FK2 anti-Ubiquitin staining, mean 493 intensity was calculated using regions within the DLG mask and subtracting intensities from the 494 HRP mask (to exclusively assess the postsynaptic area). Supplementary Table 3 . 504 505 Data availability: The data that support the findings of this study are available from DD upon 506 reasonable request. The authors declare that the data supporting the findings of this study are 507 available within the paper and its Supplementary Information files. 
